Introduction
Land-based and aircraft gas turbines ingest large quantities of air during operation. In land-based gas turbines, filters are used to remove contaminants found in the atmosphere. These contaminants are composed of a variety of substances such as dust or airborne pollutants produced by the combustion of fossil fuels. Even with the best filtration, some of these particles pass through the combustor where they are heated by the exhaust gases. As they continue through the engine's turbine section, the particles tend to erode the turbine blades if they are below the softening temperature, or to adhere to the turbine blades if they are above the softening temperature. This latter case creates deposits on the blade surfaces. Once beyond the temperature where the particulate changes phase, the rate of particulate agglomeration increases while the rate of blade erosion decreases ͓1͔. Studies involving aircraft engines indicate that this threshold occurs between 980°C and 1150°C ͓1-3͔. In one study involving volcanic ash ingestion by an aircraft engine, deposits did not occur at temperatures lower than 1121°C ͓4͔. Once formed, deposits roughen the blade surfaces resulting in an increase in skin friction and in the convective heat transfer rate between the exhaust gases and the turbine blades. Deposits can also clog vital coolant passages, thus further aggravating the thermal load of the turbine components.
Unfortunately, because this deposition process requires thousands of hours ͑for a land-based turbine͒, little is known about the evolution of deposition on turbine blade surfaces. Even if a study was commissioned to monitor turbine deposition as a function of service time, it would be prohibitively expensive to shut down an operating land-based turbine facility at frequent enough intervals for a detailed study. Consequently, turbine surface degradation studies to date have involved numerous turbine components taken from different engines operating under a wide range of conditions. For example, Fig. 1 contains centerline-averaged surface roughness ͑Ra͒ data for a collection of aero-engine ͑from Tarada and Suzuki ͓5͔͒ and land-based engine components ͑from Bons ͓6͔͒ plotted versus service hours. The measurements were taken from a variety of gas turbines, each operating under different conditions and in different environments. The scatter in the data indicates that service time is not the only parameter influencing turbine surface condition. Unless a study is conducted with the same turbine operating at the same conditions over an extended period of time, it will be impossible to understand the evolution of deposits under a given set of conditions. The difficulty of obtaining deposits for study under controlled conditions has been addressed recently with the creation of a facility that rapidly reproduces the sort of deposition found on inservice turbine blade surfaces ͓7͔. The Turbine Accelerated Deposition Facility ͑TADF͒ consists of a specialized combustor capable of creating deposits on circular turbine blade coupons at a vastly accelerated rate and under controllable conditions. The principle behind the production of accelerated deposition is that of matching the product of the particle concentration in the air flow ͑mea-sured in parts per million weight ͑ppmw͒͒ and the number of hours of operation. Thus, to simulate a particle flow rate of 0.02 ppmw through a gas turbine over 10,000 h of operation, the TADF could be operated at 20 ppmw of particle flow for only 10 h. The validation of this testing methodology was the subject of a previous paper by Jensen et al. ͓7͔ . In that study, deposits generated in the accelerated deposition facility were compared with deposits on in-service hardware. It was found that for all of the critical features affecting convective heat transfer ͑i.e., deposit surface roughness͒ and conduction heat transfer ͑i.e., deposit thickness, structure, and elemental constituents͒, the accelerated test produced comparable results to longer duration exposure. The TADF was subsequently employed for a study of deposition from various synfuels with considerable success ͓8͔. The objective of the present study is to document the evolution of turbine deposition with successive exposure in the accelerated deposition facility. Testing was performed at constant operating conditions for the three most common material systems found on modern gas turbine airfoils: uncoated superalloy, thermal barrier coating ͑TBC͒, and oxidation resistant coating. Due to the prevalence of TBC coatings in modern gas turbines, three of the TBC coupons were tested ͑one without particulate in the combustor͒.
Experimental Facility
A detailed description of the Turbine Accelerated Deposition Facility is provided by Jensen et al. ͓7͔ ; only a brief summary of the essential features is given here. During operation, a horizontal stream of air is introduced into the base of the TADF ͑Fig. 2͒. This stream is diffused within a region filled with 1.3-cm-diameter marbles to ensure that the flow is evenly distributed across the entire 30.5-cm-diameter base of the combustor. The diffused flow, now following a vertical path, is straightened by an aluminum honeycomb and enters the combustion region. Within this region, four upward curving tubes introduce partially premixed natural gas, which is immediately ignited.
Particulate is introduced into the combustor through a line that is bypassed from the primary air line. This secondary stream passes through a glass bulb into which particulate is slowly injected with a motor-driven syringe. The particulate used in this study is identical to that used by Jensen et al. ͓7͔ , and is primarily composed of silicon and aluminum oxides ͑80%͒ with smaller concentrations of Na, K, Mg, Ca, and Fe. The mass mean diameter is 15 m. The particulate is entrained into the flow and is sent into the combustor through a tube that enters the combustion region ͑Fig. 2͒. The particulate laden flow, now mixed with the hot exhaust gases, passes through a cone directly above the combustion region which accelerates the flow. Immediately beyond the cone, the flow passes through a 1 m long equilibration tube with a 1.58 cm inner diameter. The tube length is sufficient to bring a 40-m-diameter particle up to the freestream temperature and velocity of the exit flow under test conditions ͓7͔. At the exit, the flow velocity is approximately 220 m / s ͑M = 0.31͒. This value is typical of the inlet flow Mach number experienced by first stage high-pressure ͑HP͒ turbine blades and vanes during operation. The uncertainty in the mass flow was Ϯ4% for the nominal flow rate ͑0.011 kg/ s͒.
The equilibration tube terminates into a cup-shaped region where the turbine blade coupon is held ͑Fig. 3͒. The coupon holder is located 2-3 jet diameters above the exit of the equilibration tube. At this point, the average jet temperature of 1150°C matches that found in the first stage of a G-class gas turbine. The coupon holder can be positioned at angles of 45 deg, 60 deg, or 90 deg to the jet. For the current study, an angle of 45 deg was selected due to the observation by Jensen et al. ͓7͔ that the statistical roughness factors Ra and Rt peaked when the coupon was held at an angle 45 deg to the flow. Additionally, of the three available angles, 45 deg ensures that the greatest possible coupon area is exposed to parallel flow rather than impinging flow. No cooling was applied to the coupons, so the system operates approximately isothermally at the gas temperature. Temperature gradients through the coupon thickness that exist in the engine are therefore not simulated. Overall error in temperature measurements is less than 15°C at the operating temperature of 1150°C.
The mass flow rate of air into the TADF is determined through the use of a choked flow orifice plate in the main air line. The natural gas flow rate is measured with a rotometer with an attached pressure gauge. This flow rate is adjusted throughout the course of an experiment in order to maintain the desired exit temperature, although it is generally 4% of the air mass flow rate. The Transactions of the ASME TADF exit temperature is measured by two 0.8-mm-diameter Super OMEGACLAD K-type thermocouple probes protruding into the flow ͑Fig. 3͒. The mass flow rate, the data from the thermocouple probes, and the cross-sectional area of the TADF exit nozzle are used to calculate the flow Mach number using the ideal gas law relation for the speed of sound. The turbine blade coupons donated from the gas turbine industry for this study were flat, circular disks with a diameter of approximately 2.54 cm. Like actual turbine blades, the coupons consisted of a nickel-cobalt superalloy substrate with various surface treatments. Three types of surface treatment were studied: ͑1͒ bare polished metal; ͑2͒ polished thermal barrier coating with bondcoat; and ͑3͒ unpolished, 310-m-thick oxidation resistant bondcoat. The TBC was approximately 1-mm-thick air plasma-sprayed ͑APS͒, yttria stabilized zirconia ͑YSZ͒. The polished bare metal and TBC coupons both had initial roughness levels ͑Ra͒ less than 0.6 m, while the "as-applied" oxidation resistant bondcoat had a roughness level of 16 m. This initial level of surface roughness had a significant effect on deposition evolution as will be shown.
Each of the coupons used in this study underwent four consecutive experiments ͑hereafter referred to as "Burns"͒ in the TADF. Each burn was intended to simulate approximately one-quarter of an operational cycle between maintenance periods. During a burn, each coupon experienced approximately 45 min of warmup time, during which the TADF was brought to an operational freestream temperature of 1150°C and a flow Mach number of approximately 0.31. Once steady state had been reached, particulate was introduced into the facility. This particulate flow was maintained for a period of 2 h. During each 2 h burn, an average of 25 ppmw of particulate was introduced into the TADF for a total of 50 ppmw h. This is intended to simulate approximately 2500 h of operation with a particulate concentration of 0.02 ppmw, for a total of 10,000 simulated h during a standard series of four experiments per coupon. Uncertainty in the particle concentration measurement was Ͻ6 ppmw for typical flow conditions.
Following an experiment, the coupon was allowed to cool for several hours, after which it was removed from its fixture. Upon removal, the coupon was placed in a profilometer fixture while topological measurements were taken. Following this process, the coupon was stored until the subsequent burn.
Experimental Measurements
The surface topology was measured before and after each burn using a Hommel Inc. T8000 profilometer equipped with a TKU600 stylus. The stylus tip was conical in shape and had a 5 m tip radius. Three-dimensional surface representations were constructed from a series of two-dimensional traces separated by 10 m. Data points within each trace were also separated by 10 m, resulting in a square surface data grid. Three-dimensional surface representations and roughness statistics were produced after form removal using a fourth-order polynomial fit. The statistics of most interest for this study were the centerline averaged roughness, Ra, the average roughness height, Rz, and the average forward-facing surface angle, ␣ f . The centerline averaged roughness was calculated using the following
Rz was calculated as the mean of the vertical distance between the highest peak and deepest valley every 2.5 mm of a 2D surface trace. The average forward-facing angle was calculated using the methodology proposed by Bons ͓9͔ in which the surface is traversed in the flow direction and forward-facing angles are averaged with all leeward-facing angles set equal to zero ͑Eq. ͑2͒͒
Typically, Rz and ␣ f are calculated as the average of multiple 2D surface traces. In addition to surface measurements, once the final burn was completed, each coupon was prepared for analysis in the FEIXL30 environmental scanning electron microscope ͑ESEM͒. The coupons were potted in epoxy, cut, and polished in order to image the cross section of the final deposit. X-ray spectroscopy was used to distinguish regions of deposit from TBC and bondcoat.
Results and Discussion
Bare Metal Coupon. The virgin uncoated coupon had a highly polished surface ͑Ra= 0.1 m͒ and experienced significant deposit flaking. Large regions of bare substrate were exposed when the overlying deposits flaked off after removing the coupon from the TADF. This flaking is believed to be caused by differing thermal coefficients of expansion. As the coupon cools and contracts, the deposits are put under stress and respond by cracking off. This flaking was most pronounced after Burn 1, when the surface prior to deposition was in its highly polished ͑virgin͒ state. Figure 4 shows the streamwise ͑y direction͒ averaged surface traces after each burn. The uncertainty in absolute vertical position is Ϯ8 m, due to errors in relocating the coupon in the measurement fixture after each burn. Following the first burn, the center of the deposit ͑5 Ͻ x Ͻ 15͒ flaked off, producing the crater-like surface trace. The next burn produced durable deposit growth in the center of the coupon while the edges experienced flaking. The final two burns produced continuous ͑though nonlinear͒ deposit growth.
Though not evident from Fig. 4 , the deposit structure also changes substantially from Burn 2 to Burn 4. Figure 5 contains a series of 3D topologies showing the deposit evolution on a 3 mmϫ 5 mm area near the coupon center. The most dramatic changes occur during Burn 2, after the residue beneath the flaked off deposit from Burn 1 has altered the virgin surface by roughening it slightly ͑Ra= 0.5 m after Burn 1͒. The deposit structures become noticeably less peaked after Burn 3, as the subsequent deposit fills in valleys in the irregular surface. Finally, Burn 4 again shows the reemergence of new deposit peaks. This evolution can be summarized quantitatively by plotting the trend of roughness height ͑as represented by Ra and Rz͒ and the roughness shape ͑as represented by ␣ f ͒. These data are plotted in Fig. 6 for the same 3 mmϫ 5 mm region of the coupon shown in Fig. 5 .
If the surface left behind after Burn 1-in which nearly all deposits had flaked off-was taken as a starting point for deposit evolution, then an interesting trend is revealed. Roughness height ͑Ra and Rz͒ initially increases substantially ͑Burn 1-Burn 2͒. This is followed by a phase in which the rate of increase slows ͑Burn 2-Burn 3͒. Finally, the roughness increases again ͑Burn 3-Burn 4͒. At the same time, the peakedness of the deposit structures varies also, as shown both by a visual examination of the threedimensional surface representations ͑Fig. 5͒ as well as by the average forward facing angle ͑Fig. 6͒. After Burn 1 and the subsequent flaking of the local deposits, the zoomed surface showed a relatively low value of ␣ f . This value increased dramatically after Burn 2, resulting in the peak-dominated surface seen in Fig.  5͑c͒ . With Burn 3, a "wavier" surface was produced with an attendant 40% drop in average forward facing angle. Finally, Burn 4's surface returned to a more peaked state. It is noteworthy that the levels of Ra, Rz, and ␣ f shown in Fig. 6 ͑and subsequent Figs. 9 and 11͒ are comparable to those reported for measurements on actual turbine hardware ͓5,6͔. Specifically, the Ra values measured after Burn 1 on the bare metal coupon ͑Fig. 6͒ are consistent with those shown in Fig. 1 . Thus, the accelerated deposition process adequately simulates the actual deposition environment in the engine as far as surface roughness condition is concerned. This is consistent with the findings of Jensen et al. ͓7͔.
TBC Coupons.
Unlike the bare metal coupon, the deposits formed on the TBC coupons were relatively uniform with little noticeable deposit flaking. This may be due to several factors: first, the TBC coupon's preburn surface was rougher ͑Ra = 0.6 m͒ than the polished bare metal surface. Second, unlike the polished metal substrate, the TBC surface is a relatively porous ceramic material. The porosity of the TBC would likely allow deposits to become better anchored during formation. Finally, the lower coefficient of thermal expansion inherent in a ceramic coating such as the TBC would produce less strain on any attached deposits during cooldown. Consequently, the average deposit thickness was 68 m after the first burn on the TBC1 coupon ͑Fig. 7͒. Following Burn 1, the spanwise-average height of the deposit grew only slightly before exhibiting substantial reductions with Burns 3 and 4. This phenomenon is due to TBC spallation which occurred near the coupon edges, thus skewing the streamwise average of the deposit height. In reality, the deposit thickness continued to grow in the unspalled regions near the center of the coupon. Spallation was particularly severe in the region shown on the left side of Fig. 7 ͑x Ͻ 8 mm͒ where repeated thermal cycling caused portions of the TBC to crack and lift away from the rest of the surface, creating a 100 m vertical step. Further damage oc- curred when these raised portions of the TBC were mechanically removed prior to the Burn 3 measurement to avoid damage to the Hommel profilometer stylus. Figure 8 contains a series of 3D topologies showing the deposit evolution on a 5.7 mmϫ 9.5 mm region of the TBC1 coupon away from the spallation at the coupon edges. Once again, Burns 2-4 appear to fill the valleys between the initial deposit peaks created during the first period of exposure. This trend is even more evident when reviewing the evolution of roughness statistics for the TBC coupons ͑Fig. 9͒. Data for two TBC coupons are shown in Fig. 9 to explore the repeatability of the testing procedure. The second coupon ͑TBC2͒ was subjected to a similar four burn testing sequence though with roughly 30% lower net particulate loading. It also began to show signs of spallation after the second burn, however the spallation was more pronounced than for the TBC1 coupon ͑ϳ60% of the surface for TBC2 versus ϳ20% for TBC1͒.
As was the case with the bare metal coupon after the flaking subsided, the roughness height ͑i.e., Ra and Rz͒ on the TBC coupons increased markedly during the first burn. This was then followed by a gradual increase over the next Two burns. Finally, the roughness height again increased more rapidly with Burn 4. The average forward facing angle also followed a trend similar to that shown in Fig. 6 for the bare metal coupon. After the first burn, ␣ f for TBC1 climbed to 7 deg. Following this there was a slight decline with Burn 2 and a leveling off with Burn 3. Finally, the average forward facing angle climbed back above 7 deg with Burn 4. The trend for TBC2 is similar.
The data from the bare metal and TBC coupons suggest that for the conditions studied, deposition begins with isolated fragments of molten particulate that attach to the surface due to inertial impaction. The initial distribution of these isolated peaks is such that subsequent deposition fills in the valleys between the peaks. Thus, the actual deposit roughness height and shape exhibit a nonmonotonic trend with service time. This trend has direct implications for skin friction ͑and thus aerodynamic efficiency͒ and heat trans- fer on turbine blade surfaces since both parameters are functions of roughness size and shape. Data accumulated by Bons ͓8͔ using roughness characterizations obtained from serviced turbine components indicate that the effect of roughness on c f and St is reduced as the average forward facing angle decreases for the same mean roughness height ͑Rz͒. Bons proposed a correlation for the dependency of ks
In Eq. ͑3͒, k is the average roughness height which can be approximated by Rz; and k s is the equivalent sandgrain roughness that appears in most correlations used for estimating the effect of roughness on c f and St ͑e.g., Ref. ͓10͔͒. Bons ͓9͔ showed that the ␣ f parameter was approximately equivalent to another roughness shape parameter, ⌳ s , proposed originally by Sigal and Danberg ͓11͔. The primary difference between the two parameters is that ␣ f can be calculated from a handful of 2D surface traces, whereas ⌳ s requires a full 3D surface topology. This makes ␣ f more suitable for rapid field measurements of gas turbine components.
The observation that Rz and ␣ f experience a temporary lull in growth during deposit evolution suggests that a turbine blade may actually experience periods of heat load reduction as deposits fill the isolated peaks created during initial operation. It is possible that this trend may be repeated numerous times with continued exposure ͑i.e., beyond Burn 4͒.
Unpolished Oxidation Resistant Coating Coupon. To further explore this finding that turbine deposits can form in such a way as to produce a nonmonotonic change in roughness size and shape, one final coupon was subjected to four successive burns in the TADF. This coupon had an "as-applied" oxidation resistant bondcoat ͑310 m thick͒ without polishing of any kind. This resulted in an initial surface roughness level of Ra=16 m, a value much larger than the typical turbine surface before operation.
A sequence of 3D topological maps is shown in Fig. 10 for an 18 mmϫ 7.99 mm measurement region. The deposits showed little or no evidence of flaking after the coupon was removed from the TADF. Although the topological maps show deposition occurring during each burn, the surface does not become increasingly rougher with each experiment. In fact, the value of Ra decreased from one test to the next in all but one case ͑Fig. 11͒. It is believed that this behavior was caused primarily by the initially high level of roughness of the coupon surface. Given the large number of peaks on the preburn surface, there were few locations where new peaks could be formed but a large number of regions where valleys could be filled in. Additionally, the average forward facing angle experiences only a single slight rise between Burns 2 and 3. Otherwise, the angle decreases steadily. If the coupon were subjected to more testing, it is possible that the surface roughness could eventually rise again as it did with Burn 4 for the two previous coupons. Without further testing, it is unknown at which point a trend of increasing roughness would occur. In the testing conducted by Jensen et al. ͓7͔, using coupons with the same surface treatment and the same particle-laden flow conditions, surface roughness levels of up to Ra=40 m were recorded in some cases. This is most likely due to the fact that Jensen et al. used a much higher particulate loading ͑200-900 ppmw h͒ than was used in this study ͑50 ppmw h͒. Thus, the current findings may be specific to the testing procedure employed. TBC Spallation. As indicated above, both TBC coupons began to show signs of spallation after the second burn. For the TBC1 coupon, this initially consisted of shallow 1 -2 mm patches of TBC that became dislocated from the surface leaving small 50-100 m deep valleys in the TBC layer. This process came to a head after Burn 3 when a 6-mm-long crack formed near the left edge of the coupon. The TBC on the side of the crack nearest the coupon edge was raised up 100 m from the central portion of the coupon. This prevented the contact stylus of the Hommel profilometer from traversing this section of the coupon. Accordingly, the crack was manually enlarged until the entire edge of TBC spalled away from the coupon. The spalled piece of TBC was retained for later evaluation. This explains the 700 m surface height deficit in the region x Ͻ 8 mm in Fig. 7 . The remaining coupon was then exposed to deposition in Burn 4. For the TBC2 coupon, the spallation process was much more rapid. Nearly 30% of the coupon surface showed TBC loss after Burn 2, increasing to over 60% after Burn 4. Some of the coupon edges experienced TBC loss down to the metal substrate.
To better understand the role of deposition in TBC spallation and crack development, the broken off piece from TBC1 as well as the entire coupon were prepared for cross-section analysis with the ESEM . Figures 12͑a͒ and 12͑b͒ show the cracked region and the spalled chip of TBC. Regions where deposit compounds were identified using X-ray spectroscopy are indicated in the figure. The top right corner of the chip shows significant penetration of deposit through cracks in the TBC. This is the portion of the chip nearest the exposed coupon surface that lifted away from the surface during Burn 3. The lower portions of the TBC chip show no signs of deposition penetration, which is understandable since this is the region where the crack was manually forced to propogate after Burn 3. The exposed TBC surface in the spalled crater does show signs of significant deposit, due to the subsequent burn ͑Burn 4͒ after the chip was removed. Thus, it seems likely that spallation was initiated by the penetration of deposits into the upper corner of the TBC chip. Whether the crack would have naturally propogated to the coupon edge during the ensuing burn is difficult to speculate. It is clear, however, that deposition played a role in the development of the spalled region. To ascertain if the spallation was merely a result of thermal cycling, a third TBC coupon ͑TBC3͒ was subjected to the identical 4 ϫ 2 h testing sequence in the TADF, but without injecting particulate into the combustor. The surface showed no signs of spallation during the testing cycle, though the mean Rz roughness increased by a factor of three.
Conclusions
Successive deposits were generated on gas turbine blade coupons in an accelerated test facility at a gas temperature and velocity representative of first stage high-pressure turbines. Three coupon surface treatments were investigated including: ͑1͒ bare polished metal; ͑2͒ polished thermal barrier coating with bondcoat; and ͑3͒ unpolished oxidation resistant bondcoat. Each coupon was subjected to four successive 2 h deposition tests. The particulate loading was scaled to simulate 0.02 ppmw of particulate over 3 months of continuous gas turbine operation for each 2 h laboratory simulation ͑for a cumulative 1 year of operation͒. Based on the results presented in this study, the following conclusions are offered:
͑1͒ For the conditions studied, deposit roughness size ͑Rz͒ and shape ͑␣ f ͒ experience a temporary lull in growth during the deposit evolution. This suggests that a turbine blade may experience periods of heat load reduction as deposits fill the isolated peaks created during initial operation, particularly since the deposit provides additional insulation to the blade; ͑2͒ The initial surface preparation has a significant effect on deposit growth. Highly polished bare metal prevented durable deposits within the first 2 h ͑equivalent to 3 months͒ of operation when the coupon experienced thermal cycling; and ͑3͒ Thermal cycling combined with particle deposition caused extensive TBC spallation while thermal cycling alone caused none. Deposit penetration into the TBC is a significant contributor to spallation.
